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In view of the significantly different proton charge radius extracted from muonic hydrogen Lamb shift mea-
surements as compared to electronic hydrogen spectroscopy or electron scattering experiments, we study in this
work the photoproduction of a lepton pair on a proton target in the limit of very small momentum transfer as a
way to provide a test of the lepton universality when extracting the proton charge form factor. By detecting the
recoiling proton in the γp → l−l+p reaction, we show that a measurement of a ratio of e−e+ + µ−µ+ over
e−e+ cross sections with an absolute precision of 7 × 10−4, would allow for a test to distinguish, at the 3σ
level, between the two different proton charge radii currently extracted from muonic and electronic observables.
Recent extractions of the proton charge radius RE from
muonic hydrogen Lamb shift measurements [1, 2] are in
strong contradiction, by around 7 standard deviations, with
the values obtained from energy level shifts in electronic hy-
drogen [3] or from electron-proton elastic scattering [4, 5] :
µp [2] : RE = 0.8409 (4) fm , (1)
ep [3] : RE = 0.8775 (51) fm . (2)
This so-called ”proton radius puzzle” has triggered a large ac-
tivity and is the subject of intense debate, see e.g. [6–8] for
recent reviews, and references therein. Lepton universality re-
quires the same radius to enter the electronic and muonic ob-
servables. If the different RE extractions cannot be explained
by overlooked corrections, it would point to a violation of
electron-muon universality. Several scenarios of new, beyond
the Standard Model, physics have been proposed by invoking
new particles which couple to muons and protons, but much
weaker to electrons, see e.g. [9–13]. Such models would also
lead to large loop corrections to the muon’s anomalous mag-
netic moment, (g − 2)µ, which presently displays a 3σ devi-
ation between experiment and its Standard Model prediction,
see e.g. [14]. Explaining both the (g − 2)µ discrepancy and
the proton radius puzzle by new particles coupling mainly to
muons seems an attractive perspective. It does however re-
quire a significant fine-tuning, especially for larger values of
the conjectured new particle masses [8]. To test the electron-
muon universality, it has been proposed by the MUon proton
Scattering Experiment (MUSE) [15] to make a simultaneous
measurement of both µp and ep elastic scattering, extracting
the proton charge form factor from both measurements. Be-
sides the plans to measure µp elastic scattering, several new
experiments are underway to extend ep scattering to lower
momentum transfer values, down to 10−4 GeV2, and to cross-
check its systematics [16, 17]. All of these tests require abso-
lute cross section measurements, with a required precision on
each absolute cross section at the level of 1 % or better.
In order to reach in µ scattering experiments the precision
on RE comparable with e− scattering experiments, indicated
in Eq. (2), we propose in this work a new experimental avenue
through a relative cross section measurement of the photo-
production of e−e+ versus µ−µ+ pairs on a proton target. Be-
sides being a well studied process [18], the photo-production
of a lepton pair has the advantage that one produces e−e+ and
µ−µ+ final states with the same beam, and thus the overall
normalization uncertainty drops out of their ratio. The analy-
sis presented in this work shows that through a detection of the
recoiling proton in the γp → l−l+p reaction, a measurement
of the ratio of the e−e+ cross section below µ−µ+ thresh-
old versus the e−e+ + µ−µ+ cross section sum above µ−µ+
threshold with an absolute precision of around 7 × 10−4 will
allow to distinguish, at the 3σ level, between the proton RE
extractions from muonic and electronic observables. Further-
more, we show that the linear photon polarization asymme-
try has a discriminatory power between the e−e+ and µ−µ+
channels in the µ−µ+ threshold region.
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FIG. 1: Bethe-Heitler mechanism to the γp→ l−l+p process, where
the four-momenta of the external particles are: k for the photon,
p(p′) for initial (final) protons, and l−, l+ for the lepton pair.
We will consider the lepton pair production on a proton
target, γp → l−l+p, in the limit of very small momentum
transfer, defined as t = (p − p′)2, with four-momenta as in-
dicated on Fig. 1. Furthermore, we will use in the following
the Mandelstam invariant s = (k+ p)2 = M2 + 2MEγ , with
M the proton mass and Eγ the photon lab energy, as well
as the squared invariant mass of the lepton pair, defined as
M2ll ≡ (l− + l+)2. In the limit of small −t, the Bethe-Heitler
(BH) mechanism, shown in Fig. 1 totally dominates the cross
section of the γp→ l−l+p reaction. As the momentum trans-
fer t is the argument appearing in the form factor (FF) in the
BH process, a measurement of the cross section in this kine-
matic regime will allow to access the proton electric FF GEp
at small spacelike momentum transfer, with a very small con-
tribution of the proton magnetic FF GMp. As the differential
cross section for the BH process is strongly peaked for lep-
tons emitted in the incoming photon direction, and as we aim
to maximize the BH contribution in this work in order to ac-
cessGEp, we will study the γp→ l−l+p process when (only)
detecting the recoiling proton’s momentum and angle, thus ef-
fectively integrating over the large lepton peak regions. The
lab momentum of the proton is in one-to-one relation with
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2the momentum transfer t: |~p ′|lab = 2M√τ(1 + τ), with
τ ≡ −t/(4M2). Furthermore, for a fixed value of t, the
recoiling proton lab angle Θlabp is expressed in terms of in-
variants as :
cos Θlabp =
M2ll + 2(s+M
2)τ
2(s−M2)√τ(1 + τ) . (3)
The differential cross section for the dominating BH pro-
cess to the γp→ l−l+p reaction has been studied in different
contexts in the literature [18–20]. In this work, we will con-
sider the cross section differential in the momentum transfer
t and invariant mass of the lepton pair M2ll, and integrated
over the lepton angles, which corresponds with detecting the
recoiling proton only. This cross section can be written as :
dσBH
dt dM2ll
=
α3
(s−M2)2 ·
4β
t2(M2ll − t)4
· 1
1 + τ
× {CE G2Ep + CM τ G2Mp} , (4)
with α ≡ e2/4pi ≈ 1/137, where β ≡
√
1− 4m2
M2ll
is the
lepton velocity in the l−l+ c.m. frame, with m the lepton
mass, and where the proton FFs GEp and GMp are functions
of t. The weighting coefficients multiplying the FFs in Eq. (4)
have the following general structure :
CE,M = C
(1)
E,M + C
(2)
E,M
1
β
ln
(
1 + β
1− β
)
, (5)
where the second term expresses the large logarithmic en-
hancement in the limit of small lepton mass in the BH process.
The coefficients C(1)E,M , and C
(2)
E,M are found to be expressed
through invariants as :
C
(1)
E = t
(
s−M2) (s−M2 −M2ll + t) [M4ll + 6M2llt+ t2 + 4m2M2ll]
+
(
M2ll − t
)2 [
t2M2ll +M
2(M2ll + t)
2 + 4m2M2M2ll
]
, (6)
C
(2)
E = −t
(
s−M2) (s−M2 −M2ll + t) [M4ll + t2 + 4m2 (M2ll + 2t− 2m2)]
+
(
M2ll − t
)2 [−M2(M4ll + t2) + 2m2 (−t2 − 2M2M2ll + 4m2M2)] , (7)
C
(1)
M = C
(1)
E − 2M2(1 + τ)
(
M2ll − t
)2 [
M4ll + t
2 + 4m2M2ll
]
, (8)
C
(2)
M = C
(2)
E + 2M
2(1 + τ)
(
M2ll − t
)2 [
M4ll + t
2 + 4m2
(
M2ll − t− 2m2
)]
. (9)
In Fig. 2, we show the differential cross section dσ/dt dM2ll
for γp→ (l−l+)p which is accessed by measuring the recoil-
ing proton’s momentum and angle, for Eγ = 0.5 GeV and
for three values of −t : −t = 0.01 GeV2 (corresponding
with recoil proton momentum |~p ′|lab = 100 MeV/c), −t =
0.02 GeV2 (|~p ′|lab = 142 MeV/c), and −t = 0.03 GeV2
(|~p ′|lab = 174 MeV/c). As t is the argument entering the pro-
ton FFs, the values shown are chosen to cover the lower range
of the high-precision elastic ep scattering experiments [4, 5],
as well as the values for which the future MUSE elastic µp
scattering experiment [15] plans to take data. Furthermore,
the differential cross section dσ/dtdM2ll is shown as func-
tion of the squared lepton invariant mass M2ll, which is dialed
through the recoiling proton lab angle, as shown on the lower
panel of Fig. 2. We show the cross section in a range of M2ll,
which is kinematically separated from background channels,
well above the Compton and pi0 production processes on a
proton, corresponding with sharp peaks at M2ll = 0 and at
M2ll = 0.018 GeV
2 respectively, and below the threshold for
pipi production, which starts at M2ll = 0.078 GeV
2. One no-
tices from Fig. 2 that around M2ll = 0.06 GeV
2, the µ−µ+
cross section is around a factor of 10 smaller than the e−e+
cross section, and increases with increasing M2ll. By measur-
ing the cross section through detecting the recoiling proton
momentum and angle in the M2ll window above the pi
0 peak
and below pipi threshold, and comparing cross sections at a
fixed value of t above and below µ−µ+ thresholds, it opens
the possibility for a high-precision extraction of the cross sec-
tion ratio :
Rµ/e ≡ dσ(µ
−µ+ + e−e+)
dσ(e−e+)
, (10)
where dσ stands for dσ/dt dM2ll. The potential advantage of
such a ratio measurement is that absolute normalization un-
certainties to first approximation drop out. Indeed, at a fixed
value of t, the e−e+ cross section can be fixed by measur-
ing the cross section below µ−µ+ threshold, and the corre-
sponding normalization, due to GEp, can be used to deter-
mine the e−e+ cross section above µ−µ+ threshold. A subse-
quent measurement of the sum of e−e+ + µ−µ+ cross sec-
tions above µ−µ+ threshold, then allows to extract the ra-
tio Rµ/e, which is displayed in Fig. 3. One sees that in the
kinematic range where only the e−e+ and µ−µ+ channels
are contributing, this ratio varies between 1.10 to 1.14. We
like to notice that corrections, notably radiative corrections,
to first order also drop out of this ratio, measured at the same
value of the recoiling proton momentum and angle. An ac-
curate measurement of this ratio can therefore be envisaged,
opening a new perspective to perform a test of lepton univer-
sality. We have demonstrated this sensitivity in Fig. 3, by
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FIG. 2: Upper panel: comparison of the (lepton pair) invariant mass
dependence of the γp→ e−e+p process (upper three curves) vs the
γp → µ−µ+p process (lower three curves) at Eγ = 0.5 GeV, and
for three values of the momentum transfer t as indicated. The lower
panel shows the corresponding kinematic relation between the lepton
pair invariant mass and the recoiling proton lab angle.
varying the electric FF value entering the e−e+ production
process, denoted by GeEp, which we take from [4, 5], versus
the electric FF value entering the µ−µ+ production process,
denoted by GµEp. We compare the case of lepton universal-
ity GµEp = G
e
Ep, with a lepton universality violation scenario
in which GµEp/G
e
Ep = 1.01. The latter value is motivated
by the around 1% larger value of GµEp at −t = 0.03 GeV2,
resulting from the proton radius as extracted from the muonic
hydrogen Lamb shift of Eq. (1), in comparison with the proton
radius as extracted from ep scattering or electronic hydrogen
Lamb shift, given by Eq. (2). We like to note that more recent
studies, using a more conservative treatment of systematic er-
rors in elastic ep scattering, extract a radius in agreement with
Eq. (2), but with twice larger error [21].
We see from Fig. 3 that these two scenarios for the proton
radius lead to a difference in the cross section ratio Rµ/e of
Eq. (10) of around 2 × 10−3. A measurement of this ratio
Rµ/e with a precision of around 7 × 10−4 would therefore
provide a test of such difference at the 3σ level. In Fig. 3,
we show the 1, 3, and 5σ error bands corresponding with a
σ of 7 × 10−4. Although the Compton and pi0 photoproduc-
tion backgrounds have been eliminated by our choice of the
kinematical range in M2ll, we also estimated the background
contamination due to the γp → (pi0γ)p process [22] in the
relevant range M2ll ≈ 0.07 GeV2. We found that in order for
the contamination on Rµ/e to be bounded by ∆Rµ/e ≤ 10−3,
the required precision on the γp→ pi0γp cross section should
be in the 10 - 30 % range, which has already been achieved
by present experiments. Furthermore, the remaining concern
is the physical background due to the indistinguishable time-
like Compton scattering process, which results in the same fi-
nal state. We estimate this timelike Compton process at the
relatively low energy and momenta considered here by its
Born contribution, corresponding to a nucleon intermediate
state [23]. The inclusion of the timelike Compton Born con-
tribution is also shown in Fig. 3. We found the effect due to
the Born contribution in most kinematics around a factor of 5
smaller than the effect due to the 1 % variation in the value
of GµEp, shown in Fig. 3. Although the timelike Compton
process requires further study, we like to notice that it is not
totally unknown, and a moderate accuracy in the 30 % range
would be sufficient for its contamination to be bounded by
∆Rµ/e ≤ 10−3. We are therefore confident that the ratio of
Eq. (10) is a promising observable for a lepton universality
test at the 1 % level between GµEp and G
e
Ep. Besides provid-
ing such a test, a measurement of the absolute γp→ (e−e+)p
cross section below µ−µ+ threshold will provide a useful
cross-check on the extraction of GEp from elastic ep scatter-
ing. As the systematics in both reactions are quite different,
an independent measurement ofGEp may yield a valuable fur-
ther clue to shed light on the “proton radius puzzle”.
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FIG. 3: Ratio Rµ/e of the γp → (e−e+ + µ−µ+) p vs γp →
(e−e+) p differential cross sections, according to Eq. (10). The
lower (blue) curve corresponds with the lepton universality result,
for which GµEp = G
e
Ep. The upper (red) curve assumes a violation
of lepton universality, for which GµEp/G
e
Ep = 1.01. The blue bands
denote 1, 3, 5 σ bands corresponding with a σ of 7 × 10−4 around
the blue curve. The difference between the blue curve and the dotted
curve is an estimate of the physical background due to the contribu-
tion of the timelike Compton process.
Besides the unpolarized cross section , we may also con-
sider the sensitivity of polarization observables to distinguish
between the e−e+ and µ−µ+ production processes. We will
4study here the case of the linear photon asymmetry defined as:
AlU =
dσ‖ − dσ⊥
dσ‖ + dσ⊥
, (11)
where dσ‖ ( dσ⊥ ) stands for the differential cross section for a
photon with linear polarization parallel (perpendicular) to the
plane spanned by the photon and recoiling proton momenta.
When measuring the recoiling proton only, the asymmetry
above µ−µ+ threshold is given by the following weighted
sum of the asymmetries of the e−e+ and µ−µ+ channels:
AlU (e
−e+ + µ−µ+) =
1
Rµ/e
{
AlU (e
−e+)
+
(
Rµ/e − 1
)
AlU (µ
−µ+)
}
. (12)
We show in Fig. 4 the linear photon asymmetry in the kine-
matic range around µ−µ+ threshold. It is seen that the linear
photon asymmetry is very small for the e−e+ channel. How-
ever, for the µ−µ+ channel the asymmetry reaches a value
approaching −1 at µ−µ+ threshold and decreases in absolute
value by going away from the threshold. Such behavior arises
due to an exact cancellation, at µ−µ+ threshold, between the
analytical and lepton mass logarithmic terms in the analogous
expression as Eq. (5) for the contribution proportional to G2Ep
to σ‖. In the whole M2ll range of interest, the asymmetry for
µ−µ+ production takes on large values as can be seen from
Fig. 4. A direct measurement of the µ−µ+ asymmetry may
therefore give a clear tool to separate the two channels. If
the lepton pair is undetected, and only the recoiling proton is
measured, the measured asymmetry above µ−µ+ threshold is
diluted by the µ−µ+/e−e+ ratio, as given by Eq. (12), and
reaches values around -5 % as can be seen from Fig. 4.
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FIG. 4: Linear photon asymmetry AlU of the γp → (l−l+) p pro-
cess. The dashed (blue) curve corresponds with e−e+ production;
the dashed-dotted (red) curve corresponds with µ−µ+ production.
The solid (black) curve is the asymmetry corresponding with the sum
of the e−e+ + µ−µ+ channels according to Eq. (12).
In conclusion, in view of the sizably different proton charge
radius presently extracted from electronic and muonic observ-
ables, we proposed a new lepton universality test which meets
the required precision goal to distinguish between them. We
demonstrated that such a test is possible by comparing the
photoproduction of a lepton pair on a proton, through detec-
tion of the recoiling proton. We showed that the measurement
of the ratio of photoproduction cross sections of e−e++µ−µ+
vs e−e+ pairs with an absolute precision of around 7× 10−4
will allow to distinguish, at the 3σ level between the differ-
ent proton RE extractions from muonic and electronic ob-
servables. Such an experiment can be performed at existing
electron facilities such as the Mainz Mikrotron (MAMI) and
Jefferson Lab, thus adding a further piece of evidence towards
an understanding of the “proton radius puzzle”.
Acknowledgements
We thank Achim Denig, Keith Griffioen, David Hornidge,
Harald Merkel, Vladimir Pascalutsa, and Concettina Sfienti
for useful discussions. This work was supported by the
Deutsche Forschungsgemeinschaft (DFG) in part through the
Collaborative Research Center [The Low-Energy Frontier of
the Standard Model (SFB 1044)], and in part through the
Cluster of Excellence [Precision Physics, Fundamental Inter-
actions and Structure of Matter (PRISMA)].
[1] R. Pohl, A. Antognini, F. Nez, F. D. Amaro, F. Biraben,
J. M. R. Cardoso, D. S. Covita and A. Dax et al., Nature 466,
213 (2010).
[2] A. Antognini, F. Nez, K. Schuhmann, F. D. Amaro, Francois-
Biraben, J. M. R. Cardoso, D. S. Covita and A. Dax et al., Sci-
ence 339, 417 (2013).
[3] P. J. Mohr, B. N. Taylor and D. B. Newell, Rev. Mod. Phys. 84,
1527 (2012).
[4] J. C. Bernauer et al. [A1 Collaboration], Phys. Rev. Lett. 105,
242001 (2010).
[5] J. C. Bernauer et al. [A1 Collaboration], Phys. Rev. C 90,
015206 (2014).
[6] R. Pohl, R. Gilman, G. A. Miller and K. Pachucki, Ann. Rev.
Nucl. Part. Sci. 63, 175 (2013).
[7] J. C. Bernauer and R. Pohl, Sci. Am. 310, no. 2, 18 (2014).
[8] C. E. Carlson, arXiv:1502.05314 [hep-ph].
[9] D. Tucker-Smith and I. Yavin, Phys. Rev. D 83, 101702 (2011).
[10] V. Barger, C. W. Chiang, W. Y. Keung and D. Marfatia, Phys.
Rev. Lett. 106, 153001 (2011).
[11] B. Batell, D. McKeen and M. Pospelov, Phys. Rev. Lett. 107,
011803 (2011).
[12] V. Barger, C. W. Chiang, W. Y. Keung and D. Marfatia, Phys.
Rev. Lett. 108, 081802 (2012).
[13] C. E. Carlson and B. C. Rislow, Phys. Rev. D 86, 035013
(2012).
[14] T. Blum, A. Denig, I. Logashenko, E. de Rafael, B. Lee Roberts,
T. Teubner and G. Venanzoni, arXiv:1311.2198 [hep-ph].
[15] R. Gilman et al. [MUSE Collaboration], arXiv:1303.2160
[nucl-ex].
[16] M. Mihovilovic et al. [A1 Collaboration], EPJ Web Conf. 72,
00017 (2014).
[17] A. Gasparian [PRad at JLab Collaboration], EPJ Web Conf. 73,
07006 (2014).
[18] J. W. Motz, H. A. Olsen and H. W. Koch, Rev. Mod. Phys. 41,
581 (1969).
5[19] E. R. Berger, M. Diehl and B. Pire, Eur. Phys. J. C 23, 675
(2002).
[20] M. Boe¨r, M. Guidal and M. Vanderhaeghen, Eur. Phys. J. A 51,
no. 8, 103 (2015).
[21] J. Arrington and I. Sick, arXiv:1505.02680 [nucl-ex].
[22] W. T. Chiang, M. Vanderhaeghen, S. N. Yang and D. Drechsel,
Phys. Rev. C 71, 015204 (2005).
[23] B. Pasquini, M. Gorchtein, D. Drechsel, A. Metz and M. Van-
derhaeghen, Eur. Phys. J. A 11, 185 (2001).
